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This paper assesses dam releases from hydropower reservoirs in order to optimize power
production and ﬁsh habitat protection. A multi-objective programming model includes
output from 2-D hydraulic simulation for habitat assessment to optimize power produc-
tion and ﬁsh habitat suitability as a Pareto set. To identify the optimal Pareto set two
different approaches are used and compared: e-constraint methods and non-dominant-
sorting genetic algorithm (NSGA II). To formulate the ecological objective the river habitat
quality is quantiﬁed by the weighted usable area (WUA). The relation between the WUA
and the river ﬂow-rate is obtained by using a 2D hydraulic model in which the hydraulic
characteristics of river current – depth and velocity – are calculated by a ﬁnite difference
numerical integration of two-dimensional shallow water equations on a boundary ﬁtted
non orthogonal curvilinear mesh. This approach allows the integration of motion equations
on geometrically complex domains as those representing the morphology of natural water-
courses. The performance of the proposed methodology is analyzed in a case study of a
stretch of the Piave river downstream of the dam of the Pieve di Cadore reservoir (Belluno,
Italy).
 2011 Elsevier Inc. All rights reserved.1. Introduction
Many reservoir optimization schemes have been developed in the past, to aid the allocation of hydropower ﬂows and
other human uses of water. However, most of these approaches do not take into account the environmental requirements
of downstream watercourses [1–3]. In the context of these optimization schemes, the most widely used approach is to
set the downstream release ﬂow rate as equal to a minimum ﬂow, which is supposed to be the minimum value of the
ﬂow-rate that guarantees the maintaining of both chemical/physical water characteristics and biological conditions typical
of natural watercourses.
A number of authors, including Petts [4], Poff [5], Harman and Stewardson [6], Vogel et al. [7], and Richter et al. [8] have
emphasized that environmental instream ﬂow requirements are far more complex than the minimum ﬂow, and that envi-
ronmental impact on downstream watercourse ecosystem can be minimized by factoring the ecological objective into res-
ervoir management optimization schemes.
Two questions arise to do that. The ﬁrst question refers to how the ecological objective for the downstream watercourse
may be formalized and incorporated in the reservoir optimization model. The second one is how to compare conﬂicting and
incommensurable objectives such as energy production and aquatic ecosystem health, which are quantiﬁed in different
measurement units.. All rights reserved.
Ciofﬁ).
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cators of the health of aquatic ecosystem. As described in the reviews of Tharme [9] and Petts [10] different methodologies
have been used in order to deﬁne the relationship between the health of aquatic ecosystems and stream ﬂows. Hydrological
and habitat methodologies are the most commonly used [11,9,12,10].
Hydrological methodologies within the context of reservoir optimization problems have been used by Shiau andWu [13],
Suen and Eheart [14], Vogel et al. [7], Homa et al. [3], and Ray and Sarma [15]. The paradigm on which hydrological meth-
odologies are based is that the extant biotic community has adapted to the natural ﬂow regime and that any change from
that regime is undesirable and harmful to the aquatic ecosystem health. According to this assumption, the conditions for the
aquatic ecosystem are considered optimal in natural ﬂow-rate regimes, i.e. hydrological regimes not affected by human
inﬂuence. Richter et al. [8], Henriksen et al. [16] and Olden and Poff [17], emphasizing the role of natural ﬂow variability,
have proposed a range of hydrological parameters (ecologically meaningful) to characterize such natural hydrological re-
gime. These parameters should allow the assessment of the hydrological alteration caused by a hydraulic control structure.
More recently Suen [18] has proposed an ecological ﬂow regime analysis, which relies on an approach similar to the one
cited above, that may be used to identify a target ﬂow regime able to sustain the integrity of aquatic ecosystems, and, con-
sequently, to achieve a target reservoir operation and management.
Examples of application of habitat methodology to reservoir optimization problems have been proposed by Cardweel
et al. [19] and Sale et al. [20]; these authors formalize the ecological objective in terms of maximization of habitat suitability
for the survival of target ﬁsh species typical of the watercourse. As described in Petts [10], the three conceptual cornerstones
on which habitat methodologies rely are:
(1) The ﬁsh species show preferences within a range of tolerable habitat conditions;
(2) The habitat conditions can be identiﬁed by habitat suitability for ﬁsh survival;
(3) The habitat suitability can be quantiﬁed in each point of the watercourse as a function of the local hydraulic conditions
of river current.
Generally, habitat suitability is deﬁned by referring to a single target ﬁsh species. The most common species living in the
watercourse is selected as the target species. The habitat conditions which allow the survival of the target species are con-
sidered suitable to provide survival conditions for the majority of the aquatic community [21]. In most of the habitat meth-
odology applications the habitat suitability for the target species and in each point of the watercourse is related to the depth
and the velocity of the river current and to the river bed substrate [22–30]. The functional dependence of habitat suitability
on the afore-mentioned variables is experimentally obtained by ﬁeld campaigns.
The outputs of such campaigns are habitat suitability curves (HSC) representing the trend of habitat suitability indices
(HSI) that quantify habitat suitability for ﬁsh survival as a function of the hydraulic variables [31,32].
A global habitat suitability for an entire river stretch, namely the weighted usable area (WUA), is obtained by integrating
the set of local values of degree of habitat suitability on the entire watercourse surface. The WUA, therefore, quantiﬁes the
portion of the surface of the entire river stretch where hydraulic conditions occur preferred or tolerated by ﬁsh species. WUA
has the dimension of an area and is a function of the ﬂow-rate. The relationship between WUA and river ﬂow-rate may be
used to formalize the ecological objective, as proposed by Cardwell et al. [19] and Sale et al. [20].
As the above mentioned studies show, both hydrological and habitat methodologies have been used to formalize the eco-
logical objective in reservoir optimization schemes. There is no particular ‘a priori’ reason to prefer an approach rather than
the other; both methods capture signiﬁcant aspects of the processes affecting the aquatic life, such as natural ﬂow variability
or habitat suitability for ﬁsh survival. However, due to the difﬁculties in representing the complexity of the aquatic ecosys-
tem processes, each method suffers from limitations. In fact, the issue of deﬁning a widely supported criterion to identify
river environmental ﬂows able to sustain the natural integrity of aquatic ecosystems is far from being solved [10].
As noted by Milhous [33] and Jager and Smith [2], the main limitation in hydrological methodologies is that the existence
of links between habitat conditions and the hydrologic parameters used in an analysis has not been sufﬁciently
demonstrated.
The ecological objective in a reservoir optimization model, involves determining a release rule to maintain managed ﬂow
regimes as similar as possible to the ﬂow regimes least affected by human inﬂuence. One of the limitations of this approach
is that it is difﬁcult to quantify how deviations from the natural ﬂow regime affect river habitat quality.
On the other hand, in habitat methodologies, the deﬁnition of the river habitat suitability based on a single target ﬁsh
species or to selected few hydraulic variables appears to underestimate the complexity of aquatic ecosystem processes.
Regardless of the approach used, the ecological objective should be such that its incorporation in the overall reservoir
optimization scheme does not introduce excessive complexity.
In hydrological methodologies that rely on the range of variability approach (RVA) [8], up to 32 different hydrological sta-
tistics are involved in deﬁning the target instream ﬂow. Due to the large number of parameters, simpler metrics have to be
introduced to formalize the ecological objective in reservoir optimization schemes. Examples of these metrics are the eco-
deﬁcit proposed by Vogel [7], the ecosystem needs ﬁtness function proposed by Suen and Eheart [14], or approaches based
on the discontinuity ratio concept [18].
In this paper, in order to formalize the ecological objective, we use the relationship between WUA and stream ﬂow ob-
tained by the typical procedure of habitat methodology. The strength of this approach lies in the simplicity in formulating
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characteristics of the speciﬁc river environment, as well as of the relationship, for the selected target ﬁsh species, between
hydraulic variables and habitat suitability.
If these characteristics are known with a sufﬁcient level of detail, we believe that such an approach is preferable because
it combines the deﬁnition of local hydraulic and habitat conditions – obtained by using appropriate simulation models –
with the possibility of deﬁning – through the WUA – habitat sustainability at the scale of the entire waterfront. Thus, this
approach also enables the factoring of critical local habitat conditions in the evaluation of the environmental impact of
dam operation rules.
Furthermore, since this approach is founded on an ecologically-based measurement of the habitat quality (with the lim-
itations previously underlined) it allows an assessment, in terms of habitat quality, of different stream ﬂow regimes that
could not be directly evaluated by using the hydrological approach.
For the proposed approach to be effective it must rely on a detailed representation of the local hydraulic conditions. In
most of the reservoir optimization studies, proposed in the past and previously cited, very simpliﬁed one dimensional
hydraulic schemes have been used to calculate the relationship WUA vs. river ﬂow-rate Q. Since ﬁsh survival strongly
depends on local hydraulic characteristics of the river current (mainly velocity and depth) these approaches do not seem
sufﬁcient to provide an accurate evaluation of such a relationship [25,33,34,35]). Indeed, a number of authors
[36,37,24,38,39,27] have demonstrated that, in the typical conﬁguration of natural watercourses, the use of two-dimensional
hydraulic models allows a more accurate estimate of the habitat suitability. The main challenge in the deﬁnition of
two-dimensional hydraulic models is the necessity to numerically integrate the shallow water motion equations on compu-
tational domains which must represent the complex morphological feature of natural watercourses. In this paper, in order to
calculate the hydraulic characteristics of river currents, a ﬁnite difference numerical integration of the two-dimensional
shallow water equations on a boundary ﬁtted non orthogonal curvilinear mesh is carried out. Indeed, the use of bound-
ary-ﬁtted curvilinear meshes allows the integration of motion equations on geometrically complex domains representing
the morphology of natural watercourses.
It should be underlined that habitat models based on 2D hydrodynamic models have been widely used in environmental
impact assessment in watercourses downstream of dams [40,41], but their utilization in deﬁning an ecological objective in a
reservoir optimization scheme, is a novelty of this paper.
In reservoir optimization studies, beyond the ecological objective, other objectives are taken into account, such as the
maximization of water supply for civil, and hydropower or agriculture uses; these objectives are conﬂicting and incommen-
surable, therefore a collection of heterogeneous objective functions, often measured in widely different units, has to be taken
into account, and a multi-objective optimization problem has to be solved.
In multi-objective optimization there is no simple optimal solution. Instead, the interaction of multiple objectives yields a
set of efﬁcient or no dominant solutions. These optimal solutions belong to the space of objective functions, and the set of the
optimal solutions is called the optimal Pareto set. The optimal Pareto set identiﬁes a series of optimal solutions, which take
into account the existing relation between the different criteria of optimality, and that are characterized by the fact that
starting from a solution within the set, one objective can only be improved at the expense of at least one other objective [42].
The goal of solving a multi-objective problem is to ﬁnd the optimal Pareto set for the decision-maker to choose the pre-
ferred solution. A solution selected by the decision-maker always represents a compromise between the different objectives.
Therefore, one cannot speak of a unique solution, but of a series of compromise solutions, which take into account the exist-
ing relation between the different objectives, giving the decision maker more ﬂexibility in the selection of a suitable
alternative.
Traditionally, multi-objective optimization problems have been solved using weighting methods or the e-constraint
methods. In the weighting method, a single objective set is obtained from the weighted sum of the original objectives.
The optimal Pareto set is obtained by varying the weights associated with each objective, and solving the problem sequen-
tially. Cardwell et al. [19] use the weighting method to combine various objectives, including the ecological ones, into a sin-
gle objective function. In this approach, the need to compare incommensurable objectives signiﬁcantly complicates the
selection of the weights.
In the e-constraint method, all but one of the objectives is incorporated into the constraint set. The objectives included in
the constraint set are varied parametrically from the lower bound to the upper bound in order to trace out the Pareto set, so
that heterogeneous objectives can be compared.
Recently, other methods, such as genetic algorithms, have been introduced to solve multi-objective problems in water
resources engineering [43,14]. Genetic algorithms do not require gradient information, and then they can be effective regard-
less of the differentiability and convexity of the objective functions and constraints. Among genetic algorithms the non-dom-
inant-sorting genetic algorithm II by Deb et al. [44] is one effective and commonly used multi-objective programming
technique.
In this paper a methodology for the calculation of dam release ﬂows in watercourses downstream from hydropower res-
ervoir is proposed. The search for optimal solutions for water distribution between dam release ﬂows in watercourses and
hydropower supply ﬂows is carried out by adopting multi-objective programming techniques. The optimal Pareto set in the
space of objective functions is identiﬁed by using two different approaches: e-constraint methods and the non-dominant-
sorting genetic algorithm (NSGA II).
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habitat suitability for ﬁsh survival; (b) maximizing the hydropower production.
In order to formulate the ﬁrst objective function, habitat suitability at the scale of the river stretch is quantiﬁed by the
WUA (which is a function of the dam release ﬂowrate into the downstream watercourse); the second objective function
is formulated under the assumption hydropower production is linearly related to the ﬂowrate conveyed to the hydropower
plant, assuming it operates under a ﬁxed head.
The WUA is a function of the river ﬂowrate, and the relationship between WUA and ﬂow-rate is calculated by using a
habitat model which includes a 2 D hydraulic model.
The proposed methodology is applied to a stretch of the river Piave downstream from the Pieve di Cadore dam (Belluno,
Italy).2. The reservoir optimization scheme
The proposed reservoir multi-objective optimization scheme consists of three distinct components:
– A 2D hydrodynamic model;
– An algorithm for the calculation of the WUA =WUA(Q) relationship;
– A multi-objective optimization algorithm.
The ﬁrst two components aim to calculate the relationship WUA =WUA(Q), which is used to formulate the ecological
objective in the multiobjective optimization algorithm.
The combination between the 2D hydraulic simulation model and the optimization model is, therefore, ofﬂine; the 2D
hydraulic simulations aim to construct the relationship WUA =WUA(Q) that subsumes, by construction, all hydraulic, mor-
phological and biotic community characteristics of the speciﬁc river environment.
The ﬂowchart in Fig. 1 shows the inputs, outputs, models and conjunction between them for the proposed methodology.
In the following paragraphs each component of the proposed reservoir optimization scheme is described in detail.
2.1. Hydrodynamic model
For a given value of the dam release ﬂow rate Q the values of the depth averaged velocity and the depth in the two-dimen-
sional domain representing the river stretch are calculated.
The values of the depth averaged velocity and the depth are calculated by solving the steady two-dimensional shallow
water motion equations.Fig. 1. Flow-chart for methodology showing inputs, outputs, models and conjunction between them.
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ity components along the xi directions. Let h and H be respectively the water depth and the river bottom height with respect
to a horizontal reference plane.
The two-dimensional shallow water motion equations are@ujh
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In this paper the motion equations are integrated on boundary-ﬁtted non-orthogonal curvilinear meshes.
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Eqs. (3) and (4) are integrated on a computational domain on a staggered grid: the components of the velocity vector are
calculated at different points with respect to those at which the free surface elevation are computed. The differential oper-
ators in Eqs. (3) and (4) are approximated by a conservative and fourth-order accurate numerical scheme; the numerical
scheme is obtained by modifying the numerical procedures proposed by Vasiliev [45].
2.2. Algorithm for the calculation of the WUA = WUA(Q) relationship
From the velocity and depth ﬁelds obtained by the hydrodynamic simulations the local value of habitat suitability at indi-
ces of each point of the computational mesh is calculated. This is carried out by using habitat suitability indices (HIS), which
are numerical indices that represent the capacity of a river habitat to support a target ﬁsh and which are related to each sep-
arate hydraulic variable i.e. velocity, ﬂow depth and substrate class. The HSI values are within the range [0–1]. Index values
close to 1 are indicative of optimal habitat conditions for ﬁsh survival and persistence (maximum preference for the partic-
ular condition), whereas values close to 0 are indicative of the poorest habitat conditions [31].
The relationship between the HSI and hydraulic variables is expressed by empirical functions that are deﬁned as suitabil-
ity curves; as said, these curves are obtained, for a speciﬁc ﬁsh species, by experimental ﬁeld campaigns.
The suitability curves can be expressed by polynomials, obtained by a best ﬁt procedure of the experimental data, in the
following form:Cv ¼
XPv
i¼1
aið
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U2 þ V2
q
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Ch ¼
XPh
i¼1
bi  hi; ð6Þ
Cs ¼
XPs
i¼1
ci  si; ð7Þwhere Cv, Ch, Cs are respectively the suitability indices relative to velocity, depth and substrate. The right hand side terms of
Eqs. (5)–(7) are polynomials of the degree Pv, Ph and Ps, respectively; ai, bi and ci are the coefﬁcients of these polynomials.
From the values of HSI obtained by Eqs.(5)–(7), the composite suitability index Cc is calculated; such an index quantiﬁes,
at each point of the watercourse, the habitat suitability due to the combined effect of the velocity, depth, and substrate.
Different criteria have been proposed to combine the different HSIs obtained for each hydraulic variable, in order to
calculate the composite suitability index Cc. Beecher et al. [30] and Vadas and Orth [46] suggest calculating the composite
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the HSIs, or equal to the arithmetical mean of the HSIs. Layer and Maughan [48], and Brown et al. [49] calculate Cc as the
geometrical mean of the HSIs deﬁned as the n-root of the product of n individual indices.
Here, we have selected the latter criteria listed above. This criterion takes into account the compensation among the dif-
ferent hydraulic factors affecting ﬁsh survival. It yields a zero composite suitability index for any zero-valued habitat suit-
ability index. Furthermore, the composite suitability index remains deﬁned in the range [0–1], allowing an easier
comparison between the habitat conditions at different points of the river.
Thus, the composite suitability index Cc is deﬁned as a geometric mean of the suitability indices Cv, Ch, Cs and is given byCc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Cv  Ch  Cs3
p
: ð8ÞOnce the composite suitability index Cc has been determined, the WUA, which quantiﬁes the surface portion of the entire
river stretch where hydraulic conditions are preferred or tolerated by ﬁsh species, is computed by the following equationWUAðQÞ ¼
Z
A
CcdA; ð9Þwhere A is the area of the two dimensional domain representing the watercourse and Q is the dam release ﬂow rate in the
downstream watercourse. At each value of ﬂow rate Q corresponds a speciﬁc value of the WUA; therefore a functional rela-
tionship WUA =WUA(Q) between WUA and Q can be deﬁned.
Generally, the function WUA =WUA(Q) has a typical trend: by increasing the ﬂow rate, the WUA reaches a maximum va-
lue beyond which it decreases.
The value of the ﬂow-rate corresponding to the maximum value of WUA is deﬁned as Qsup. For such a ﬂow-rate the river
habitat suitability for the survival of the target ﬁsh species is optimal.
The ﬂow rate Qsup is calculated by the following equation:dWUAðQÞ
dQ
¼ 0: ð10ÞFrom the WUA =WUA(Q) curve a ﬂow-rate value can be identiﬁed, below which the habitat conditions are not suitable
for ﬁsh survival; such a value, hereafter referred to as Qinf, is deﬁned as the value of the ﬂow rate below which the WUA
diminishes signiﬁcantly and beyond which the WUA increases slowly. In general, the minimum ﬂow is assumed equal to
Qinf [12].
Two distinct criteria can be used to identify Qinf [50]. The ﬁrst assumes Qinf to be the discharge Q < Qsup where the deriv-
ative of the WUA =WUA(Q) curve is equal to the value deﬁned by the ratio between the maximum value of the WUA and the
maximum ﬂow-rate Qsup. The second assumes Qinf to be the discharge Q < Qsup corresponding to the maximum value of the
curvature of the WUA =WUA(Q) curve. Fig. 2 shows a graphic explanation of the two criteria discussed above.
According to the ﬁrst criterion, Qinf is calculated by solving the following differential equation as a function of the inde-
pendent variable Q:dWUAðQÞ
dQ
WUAðQ
supÞ
Q sup
¼ 0; ð11Þwhere Q 2 ½0;Q sup.
The second criterion imposes the calculation of Qinf by solving the following differential equation:Fig. 2. Criteria for the determination of Qinf (a) assigned slope (Eq. (11)) and (b) maximum curvature (Eq. (12)).
2874 F. Ciofﬁ, F. Gallerano / Applied Mathematical Modelling 36 (2012) 2868–2889d
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1þ dWUAðQÞdQ
 2h i3=2
dQ
¼ 0: ð12ÞOve Q 2 ½0;Q sup.
Summarizing, the calculation of the WUA, Qsup and Qinf are obtained by the following procedure:
– Eqs. (3) and (4) are solved for different entering ﬂow rate values Q; for each ﬂow-rate value the corresponding velocity
and depth ﬁelds are obtained;
– Eqs. (5)–(7) are used to calculate the suitability index ﬁelds for each velocity and depth ﬁeld;
– Eq. (8) is used to calculate the composite suitability index ﬁeld;
– From the composite suitability index ﬁeld the function WUA(Q) is calculated by Eq. (9);
– Applying the conditions expressed by Eqs. (10)–(12), the values of Qsup and Qinf are calculated.
2.3. Multiobjective optimization algorithm
In this paper two optimality criteria are deﬁned. The ﬁrst criterion is related to the need to maximize habitat suitability
for ﬁsh survival of the river downstream of the hydropower reservoirs; the second one is related to the need to maximize
hydropower production.
The two objectives are conﬂicting and incommensurable, so suitable multi-objective optimization programming tech-
niques have to be applied. As pointed out in the introduction, the goal of solving a multi-objective problem is to ﬁnd the
optimal Pareto set for the decision maker to choose the most preferred solution among all the possible conﬁgurations of
ﬂow-rates – to convey to the hydropower plant and to release into the watercourse downstream from the dam-identiﬁed
by the optimal Pareto set.
The mathematical formulation of the multi-objective optimization problem and the Pareto set calculation algorithms is as
follows:
Let l = 1,n be the time steps in which the reference period is divided. The reference period is the time interval during
which the water resource optimal management plan is to be developed.
Let ~Q be the (n  1) vector whose lth element Ql represents the downstream dam release ﬂow-rate during period l.
Let ~P be the (n  1) vector whose lth element Pl represents the hydropower supply ﬂow rate during period l.
Vectors ~Q and ~P represent the decision variables.
Watercourse habitat suitability for ﬁsh survival depends on downstream dam release ﬂow-rate Ql. The above-mentioned
dependence is represented by the function relation which expresses the WUA as a function of the ﬂow-rate.
Let ~W be the n  1) whose lth element Wl represents the value of the WUA during period l. From the best ﬁtting of the
values of the WUA for different ﬂow-rate values calculated as described in Section 2.2, the nonlinear relationship between
the vector ~W and the vector ~Q can be expressed as the polynomial~Wð~QÞ ¼ aþ b  ~Q þ cð~Q  ~QÞ þ d  ð~Q  ~QÞ  ~Q þ e  ðQ
!
~QÞ  ð~Q  ~QÞ;where a, b, c, and d are the coefﬁcients of the polynomial and the symbol  indicates the tensor product.
The value of the WUA increases when the ﬂow-rates increase: there is a value of the ﬂow-rate for which the weighted
usable area has a maximum value WUAmax. A watercourse habitat condition optimality criterion related only to a single time
step l could be deﬁned by minimizing the distance between theWUA associated with the ﬂow-rate Ql and the value WUAmax.
Such a criterion, referred to a single time step, does not ensure that the optimality condition related to the maximization of
theWUA is obtained for the entire reference period. The ﬂow-rates, which can be released into the downstreamwatercourse,
depend not only on the incoming dam ﬂow-rates, but also on the water volumes stored in the basin in previous periods. Fur-
thermore, the ﬂowrate that can be released at a given time step, is constrained by the need to store, within the dam basin, a
sufﬁcient water volume necessary to be used at later times. Therefore, the optimality criterion for the maximization of aqua-
tic ecosystem health, must be expressed globally for the entire reference period and it can be formalized by minimizing the
distance between the vector ~W and WUAmax.
Similarly, let Pmax be the maximum ﬂow-rate through the collecting pipe of the hydropower plant. A global hydropower
production optimality criterion can be deﬁned by minimizing the distance between the vector ~P and Pmax. Here, we assume
that the hydropower production is linearly related to the ﬂowrate conveyed to the hydropower plant, assuming it operates
under a ﬁxed head.
In order to formulate the objective functions which are the mathematical expressions of the two aforementioned optimal-
ity criteria we deﬁne the variables in this way:
~QI is the (n  1) whose lth element QIl represents the incoming dam ﬂow-rate from the tributary during period l;
Qinf and Qsup are the inferior and superior extreme of an acceptable dam release ﬂow-rate range; as discussed above, Qinf is
a threshold value below which habitat conditions are not considered suitable for the survival of the target species; Qsup is the
ﬂowrate value corresponding to the maximum value of WUA; ﬂowrate values greater than Qsup further penalize hydropower
production and determine a worsening of habitat conditions;
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Vmax, Vmin are respectively the maximum and minimum dam storage volumes and Dt the time step.
We indicate with ~y 2 R2n the vector of decisional and state variables; R2n is the space of decisional.
The vector ~y is deﬁnedYl ¼ Q ; l ¼ 1;n; yl ¼ Pln; l ¼ nþ 1;2n:
Let S, R, and T be the (n  2n) matrices as deﬁnedSlk ¼ dlk; Rl;kþn ¼ dl;kþn; Tl;kþ2n ¼ dl;kþ2n; l ¼ 1; n; k ¼ 1;2n:
Let T1 be the (n  n) matrix whose no-zero values are T1l,1 and T1l,n
Let U be the (n  n) matrixUl;1 ¼ 1; Ul;1þ1 ¼ 1:
Let E, F be the (n  2n) matrices whose elements are deﬁned asEl ¼ Slk=WUAmax; Fl ¼ Rlk=Pmax; l ¼ 1;n; k ¼ 1;2n:
Based on the previous deﬁnition of the two objective functions the optimality criteria are expressed as:Of1ð~yÞ ¼ kE  ~WðS ~yÞ ~Ik; ð13Þ
Of2ð~yÞ ¼ kF ~y~Ik: ð14Þ
The symbol kk is the operator deﬁned as k~dk ¼~dT ~d for a generic vector~d, where~dT is the transpose of~d and  indicates
the dot product. In Eqs. (13) and (14)~I is the (n  1) vector whose elements are Il = 1 (l = 1,n).
The term on the right side of Eq. (13) represents the square of the distance between the vector ~W , normalized with re-
spect to WUAmax, and the unity vector~I.
By deﬁnition, the shorter the distance, the better the habitat conditions are globally for the entire reference period.
The term on the right hand side of Eq. (14) represents the square of the distance between the vector~P of the hydropower
supply ﬂow-rates, normalized with respect to Pmax, and the unity vector~I.
The shorter the distance, the closer the hydropower production is to the maximum that can be produced globally in the
reference period.
The vector of decision variables ~y is subject to the following constraintsQ inf 6 S ~y 6 Q sup; ð15Þ
0 6 R ~y 6 Pmax; ð16Þ
S ~yþ R ~y ¼ 1
Dt
ðU  ~VÞ  Q~I; ð17Þ
Vmin 6 ~V 6 Vmax; ð18Þ
T1  ~V P Vmax: ð19Þ
Eq. (15) describes the constraints related to the downstream dam release ﬂow-rates into the watercourse. These ﬂow-
rates must be within the acceptable ﬂow-rate range deﬁned by Qinf and Qsup. Note that this representation of the problem
does not consider the spill from the reservoir under ﬂood conditions, which may force the upper bound in Eq. (15) to be vio-
lated. This situation can be addressed by adding a spill release vector as a decision variable, and including it in Eq. (17). Given
the nature of the optimization problem, the spill release would emerge as non-zero from the solution only in time steps
when the upper bound in Eq. (15) is violated. Of course, one can trivially address this solution by removing the upper bound
Qsup.
Eq. (16) describes the constraints related to the hydropower supply ﬂow-rate. This ﬂow-rate cannot be greater than the
maximum ﬂow-rate through the collecting pipe of the hydropower plant Pmax.
Eq. (17) describes the mass balance among the inﬂows ~QI, the dam release ﬂows ~Q and ~P, and the storage volumes ~V .
Eq. (18) requires that the dam storage volumes be within the maximum and minimum dam storage volume; in Eq. (18) I
is the unit matrix.
Eq. (19) requires the dam storage volume at the end of the reference period to be equal to the storage volume at the
beginning of such a period.
Let~f ð~yÞ 2 R2f be the vector of objective functions, where R2f is the two dimensional space of objective functions; the ele-
ments of~f ð~yÞ are
f1ð~yÞ ¼ Of1ð~yÞ; f 2ð~yÞ ¼ Of2ð~yÞ; ð20Þ
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An optimal Pareto set exists in the space of objective functions. The problem of identifying the optimal Pareto set can be
expressed as follows:minf~f ð~yÞjf ð~yÞ 2 Xg;
con ~y 2 R3n and f ð~yÞ 2 R2f ;
ð21Þwhere X is the solutions set bounded by the constraint system given by Eqs. (15)–(17), (19).
We deﬁne a non-dominant solution, a solution ~y of the problem:minf~f ð~yÞj~y 2 Xg; ð22Þ
if there is no ~y 2 X for whichfið~yÞ 6 fið~yÞ; i ¼ 1;2: ð23Þ
The optimal Pareto set is the set of non-dominant solutions.
In this paper two different approaches are adopted to identify the optimal Pareto set. The ﬁrst one, known as the e-con-
straint method, consists of carrying out a sequence of optimizations of the ﬁrst objective function Of1ð~yÞ (Eq. (13)), subject to
the constraints of Eqs. (15)–(17), (19) and to a further constraint deﬁned bykF ~y~Ik 6 Ki; ð24Þ
where Ki (i = 1, . . . ,K) represents assigned values of the second objective function Of2ð~yÞ.
In this way the multi-objective optimization problem is converted to a single optimization one. Multiple solutions are
obtained by varying the value of the second objective function Of2 within a pre-assigned range. Note that if the WUA is a
convex and a differentiable function of the decision variables, then the e-constraint formulation deﬁned above leads to an
optimization problem that is strictly convex and guarantees a globally optimal solution. In this case, there is no need to ex-
plore alternate solution methods such as genetic programming. However, if the WUA as a function of the decision variables
cannot be speciﬁed in this way then a random search method may be useful to identify superior solutions.
The second approach relies on the application of a genetic algorithm. Genetic algorithms are based on the Darwin’s
theory of natural selection. They involve the language of microbiology and, in developing new potential solutions, mimic
genetic operations. A population represents a group of solution points. A generation represents algorithm iteration. A
chromosome is equivalent to a component of the design vector. In accordance to these deﬁnitions genetic algorithm
deals with a population of points, and hence multiple Pareto optimal solutions can be obtained from a population in
a single run. Random number and information from previous iterations are combined to evaluate and improve a popu-
lation of points, and then to select non-dominant solutions. In this paper the non-dominant-sorting genetic algorithm II
by Deb et al. [44], NSGA II, is used, which has been applied successfully to many optimization problems. This algorithm
uses tournament selection [51], simulated binary crossover (SBX; [52]), mutation operator and crowding distance for
diversity preservation. The application of NSGA II to the speciﬁc multi-objective optimization problem described by
Eqs. (13)–(18) has required some changes of the original NSGA II Matlab code. These changes were necessary in order
to address the equality constraints of Eq. (17).
A hybrid simulation optimization approach is used for the genetic algorithm. In deﬁning the multi objective optimization
problem Eqs. (13)–(16) and (19) hold, while Eq. (18) is substituted byVmin 6 ð~yÞ 6 Vmax; ð25Þ
wheregð~yÞU1  Dt ðS ~yþ R ~yÞ þ Q~I
	 

: ð26ÞThe function gð~yÞ is evaluated by simulation using the candidate values of the decision variables at each iteration of the
genetic algorithm.
Both the multi-objective optimization methods are implemented as Matlab codes. In NSGA II code the objective functions
of Eqs. (13) and (14) are introduced directly in the Matlab function called ‘evaluate-objective’.3. Case study: the river Piave stretch downstream of the dam of Pieve di Cadore reservoir
This case study focuses on a stretch of the river Piave downstream of the dam of the Pieve di Cadore reservoir (Veneto,
Italy). This reservoir, together with the reservoirs of Boite and Val Gallina, is part of the hydro-power production system of
Soverzene and Piave-S. Croce. The system is described in Fig. 3.
The reservoir of Pieve di Cadore is one of the largest basins of the hydropower system; its capacity is equal to
64,300,000 m3; due to this large capacity the basin is a regulated lake that operates on a seasonal cycle.
Fig. 3. Sketch of Soverzene hydro-power production system.
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used only for hydro-power production.
Dam entering ﬂow-rates are stored in the basin; storage volumes are in part conveyed via a conveyance pipe to the hydro-
power plant of Soverzene, located about 4 km downstream of the dam, and in part released into the dam downstream river.
The maximum capability of conveyance pipe from Pieve di Cadore reservoir to the hydropower plant is equal to 30 m3/s.
In the river stretch downstream of the dam only environmental ﬂows are discharged except in the event of intense pre-
cipitation, when the maximum dam storage level is exceeded and ﬂood ﬂows are released into the river stretch through a
spillway. Currently, environmental ﬂows are equal to the minimum ﬂow values that are imposed by the Piave River Catch-
ment Authority (PRCA).
In Fig. 4, for example, the trend during 2006 of the ﬂow-rates entering the reservoir and of the ﬂow-rates released into the
river Piave are shown. The latter values depend on the time of the year: in the periods from December 1st to February 28th
and from June 1st to August 30th, which are considered to be dry seasons, the minimum ﬂow is equal to 1.64 m3/s, whereas
in the remaining periods of the year, the minimum ﬂow is equal to 3.12 m3/s. The PRCA estimated these minimum ﬂow val-
ues by using the following prescriptive relationship:Fig.Q ¼ ðkbiol þ knatÞ177s0:85qmed106; ð27Þ4. Hydraulic regime of the Pieve di Cadore reservoir: incoming ﬂow-rate (line); dam release ﬂow-rate in the downstream river (dashed line).
2878 F. Ciofﬁ, F. Gallerano / Applied Mathematical Modelling 36 (2012) 2868–2889where kbiol and knat are two indices, namely the biological criticality index and the naturalistic criticality index; s is the catch-
ment area; qmed is the speciﬁc ﬂow-rate per unit area of the catchment.
The biological criticality index kbiol is typically within the range of 1–1.6; higher values are chosen for a river whose aqua-
tic ecosystem is considered to be of a particular environmental value. The naturalistic criticality index knat is typically within
the range of 0–0.6; higher values of such index are used for basins having a particular naturalistic value, for instance national
parks. The values of kbiol and knat, imposed by the PRCA in order to calculate the minimum ﬂow (by Eq.(27)) in the stretch of
river Piave are as follows: in the periods from December 1st to February 28th and from June 1st to August 30th the sum of
kbiol plus knat is equal to 1, in the remaining period of the year kbiol is equal to 1.6 and knat is equal to 0.3; qmed is equal to 31 l/
s km2.
In this study the 3968 m long stretch of the river Piave, where the only ﬂow-rates are those released from the dam, are
examined. Such a stretch is delimited upstream by the Pieve di Cadore dam and downstream by the cross-section just up-
stream from the Boite river conﬂuence.
As it is shown in Fig. 5, the river ﬂows into a narrow valley and has a very complex morphology with very sinuous banks
and a bottom slope varying in the range of 0.6–2%. In the ﬁrst upstream part of the river stretch, 1200 m long, the slope is
greater than 1%, while in the remaining downstream part the slope is less than 1%. The two river portions have very different
morphological and geometrical conﬁgurations: the cross-sections of the higher slope river portion (Sections S 1–6 of Fig. 5)
are narrow with steep banks, whereas, the lower slope river portion cross-sections have a wider proﬁle that gradually grows
in width with depth.
Site inspections have shown that the cross-sections are irregular in shape and the river bed is mainly constituted of gravel
with average grain size 8–64 mm range. Furthermore the submerged vegetation is either absent or scarce. On the basis of
Bovee’s classiﬁcation, this gravel size range corresponds to substrate class 5. This class has been selected in order to calculate
the habitat suitability index related to the substrate.
A roughness Manning coefﬁcient for the entire river stretch of n = 1/ks = 0.06 has been identiﬁed by a calibration proce-
dure. This procedure consists of identifying the value of ks that allows the best ﬁtting between the actual measured depths
and those simulated by the hydraulic model in identiﬁed reference cross-sections that are shown in Fig. 5. The calibration
procedure was carried out for a ﬂow-rate equal to 3.12 m3/s, which is, as mentioned above, the ﬂow-rate currently released
in the river stretch downstream of the dam during the wet season.
Bioprogram SC [53] conducted two electro-ﬁshing measurement campaigns in a zone of the Piave river close to an area
called Perarolo, which is in proximity of the downstream cross section of the river stretch. The results of the measurements
are summarized in Table 1.
As can be observed in Table 1, the Brown trout is the most common species; it was, therefore selected as the target spe-
cies. Based on the measured ﬁsh size distribution of the Brown trout, two life stages can be distinguished: juvenile (7–20 cm)
and adult (>21 cm).Fig. 5. Piave river stretch downstream of Pieve di Cadore Dam.
Table 1
Fish species distribution in the Piave river stretch downstream from the Pieve di Cadore dam.
Species Density (ind/mq) year:
2004
Biomass (g/mq) year:
2004
Density (ind/mq) year:
2006
Biomass (g/mq) year:
2006
Salmo trutta (Brown trout) 0.079 8.62 0.062 11.03
Salmomarmoratus ed ibrido 0.025 4.81 0.035 6.41
Thymallus 0.041 5.29 0.017 12.16
Cottus Gobio 0.048 0.57 0.008 0.09
Total 0.193 19.29 0.122 29.69
Table 2
Polynomials ﬁtting the habitat suitability curves (HSC).
Author Brown trout: adult Brown trout: juvenile
Suitability index vs. depth
Vismara y = 6E10x5  2E07x4 + 2E05x3 + 0.019x  0.091 (R2 = 0.998) y = 2E09x5 + 5E07x4  4E05x3 + 0.001x2 + 0.008x  0.030
(R2 = 0.998)
Smith y = 5E11x6 + 1E08x5  1E06x4 + 7E05x3  0.001x2 + 0.013x  0.04
(R2 = 0.998)
y = 2E10x6 + 4E08x5  5E06x4  0.004x2 + 0.045x  0.082
(R2 = 0.998)
Studley y = 6E09x5  1E06x4 + 7E05x3  0.001x2 + 0.008x  0.015 (R2 = 0.999) y = 0.000x3 + 0.005x2  0.043x + 0.113 (R2 = 0.999)
Cemagref y = 2E10x6 + 4E08x5  3E06x4  0.001x2 + 0.022x  0.026
(R2 = 0.999)
y = 0.000x4  0.010x3 + 0.179x2  1.207x + 2.58 (R2 = 1)
Suitability index vs. velocity
Vismara y = 3E06x3  0.024x + 0.996 (R2 = 0.999) y = 3E08x4 – 6E06x3  0.003x + 1.012 (R2 = 0.999)
Smith y = 1E11x6  4E09x5 + 6E07x4  3E05x3 + 5E05x2 + 0.016x + 0.765
(R2 = 0.999)
y = 2E08x4 + 4E06x3  0.006x + 1.046 (R2 = 0.993)
Studley y = 2E09x5  6E07x4 + 7E05x3  0.003x2 + 0.052x + 0.810 (R2 = 0,994) y = 5E09x5 – 1E06x4  0.007x2 + 0.136x + 0,207 (R2 = 0.984)
Cemagref y = 5E08x4 + 1E05x3  0.001x2 + 0.022x + 0.901 (R2 = 0.992) y = 6E07x3 + 6E08x2  0.017x + 1.109 (R2 = 0.993)
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posed. In this case study the HSCs proposed by Vismara et al. [54], Chaveroche et al. [55], Fragnould [56], Smith and Aceituno
[57] and Studley and Spina [58] are used. Table 2 shows the polynomial expressions approximating HSCs.
4. Application of the proposed methodology
The methodology described in Section 2 has been applied in this case study with the following goals:
(a) To evaluate the performance of the 2D hydraulic model in analyzing, for an assigned range of dam released ﬂows, how
the geometrical and morphological characteristics of the river stretch affect the habitat suitability for ﬁsh survival.
Furthermore what kind of relationship WUA =WUA(Q) – required in order to determine the ecological objective in
the multi-objective optimization model- arises from the combination of hydraulic simulations and HSCs of the
selected target ﬁsh species;
(b) To identify, by using the multi-objective optimization model to allocate hydropower and ecological ﬂows, what kind of
solutions, identiﬁed in the optimal Pareto set, result for assigned trends of dam incoming ﬂows. Within this context, a
demonstration of the comparative performance of the e-constraint method vs. genetic algorithm is also obtained.
In the following paragraphs a description of model set-up, parametrization and discussion of the results is provided.
4.1. 2D habitat simulation: habitat suitability ﬁelds for the river Piave stretch and relationship between WUA and dam released
ﬂow-rate
For the river stretch described above, 2D habitat simulations have been carried out by varying the inlet ﬂow-rate Q in the
range within 0.5–12 m3/s, at increments equal to 0.5 m3/s.
First, steady velocity and depth ﬁelds for each ﬂow-rate Q were calculated by using the 2-D hydraulic simulation model,
then the values of local habitat suitability in each point of the computational mesh were obtained by using the habitat suit-
ability curves described by Eqs. (5)–(7). Finally the WUA =WUA(Q) relationship was calculated by Eqs. (8) and (9).
In order to show how the 2D hydraulic model allows a detailed analysis of habitat quality of the examined river stretch
the results of some simulations are discussed in the following.
Fig. 6 shows the composite suitability index ﬁelds Cc (Eq. (8)) for juvenile Brown trout, obtained for values of dam release
ﬂow rates equal to 1, 3, 6 and 9 m3/s and calculated by using the HSC proposed by Smith and Aceituno [57]. Simulations
carried out by using the other HSCs used in simulations provide results that are very similar to those shown in Fig. 6. In
Fig. 6a, which refers to the ﬂow-rate Q equal to 1 m3/s, the values of the composite suitability index are not homogeneous
along the river stretch. Indeed, the index values in the upstream portion of the river stretch (from the dam for a distance
about equal to half the river stretch total length) are higher than those in the remaining downstream portion. In a large zone
of the latter portion the index values are less than 0.4. These values are indicative of poor habitat quality for ﬁsh survival.
Fig. 6b, which refers to a ﬂow-rate equal to 3 m3/s, shows that by increasing the ﬂow-rate from 1 to 3 m3/s, the habitat qual-
ity in the downstream portion of the river stretch improves, and the composite suitability index assumes values greater than
0.4. On the contrary, – as shown by a comparison between Fig. 6a and b – in the upstream portion of the river stretch, the
habitat quality becomes worse with the increase of discharge from 1 and 3 m3/s. Such a worsening is highlighted by the
Fig. 6. Composite habitat suitability index Cc (as deﬁned by Eq. (8)) for Juvenile Brown trout. The different pictures refer to the following downstream dam
release ﬂow-rates: (a) Q = 1 m3/s; (b) Q = 3 m3/s; (c) Q = 6 m3/s; (d) Q = 9 m3/s.
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6 m3/s, shows that the habitat suitability of the upstream river portion worsens with respect to that of Fig. 6b. In the
downstream river portion, composite habitat suitability index values remain sufﬁciently high. Fig. 6d, refers to a ﬂow-rate
of 9 m3/s; the increase of the ﬂow-rate results in the further worsening of habitat suitability of the upstream portion of the
river stretch.
Fig. 7 shows, for both the upstream and downstream portion of the river stretch, the simulated velocity and depth ﬁelds
referred to ﬂow-rate Q equal to 1 m3/s and 3 m3/s, respectively. From the ﬁgure, it is possible to infer that the morphology of
the watercourse affects the velocity ﬁelds and thus the river habitat suitability. As mentioned earlier, the upstream river por-
tion has a higher slope and a narrow cross-section with steep banks. As a consequence, any lateral expansion of the ﬂow is
hindered. Therefore the increment of the ﬂow rate produces an increase of ﬂow velocities, which can worsen the habitat suit-
ability for the entire upstream river portion. It should be observed that whenever the velocities become greater than about
1 m/s, the values of the suitability index vs. velocity fall to very low values. On the contrary, in the downstream river portion,
the wider proﬁle of cross sections allows a lateral expansion of the ﬂow. Therefore, the increase of the ﬂow-rate does not
produce a signiﬁcant increase of velocity in such a zone of the river; furthermore more surface is available for ﬁsh survival.
From the above, it is possible to infer that the 2D hydraulic model proposed is able not only to provide a global habitat
suitability evaluation for the entire river stretch, but also a detailed analysis of the habitat suitability of localized river zones.
The 2D model, thus, allows a more complete and reliable assessment of the impacts on the river environment due to ﬂow-
rate regime changes.
In Fig. 8 the WUA =WUA(Q) curves obtained by using the different HSCs are shown. The trend of the curves is similar. All
the curves have a growing trend until a maximumWUA value where the maximum ﬂow rate Qsup can be identiﬁed. For ﬂow-
rates greater than Qsup the WUA values slightly decrease.
By solving Eqs. (10)–(12) the ﬂow-rate Qinf-a and Qinf-b are calculated. In Table 3 the values of Qsup, Qinf-a, and Qinf-b for the
adult and juvenile Brown trout are reported. From Table 3, it can be observed that the values of Qinf-a and Qinf-b, obtained
from the different HSCs, are within a narrow range. For the adult Brown trout the ﬂow-rate values Qinf-a are within the range
2.18–2.50 m3/s, whereas the ﬂow-rate values Qinf-b are within the range 2.50–3.00 m3/s. For the juvenile Brown trout, the
range of variation of the lower ﬂow-rate values is broader. Qinf-a, is within the range equal to 0.4–1.60 m3/s, whereas the
Fig. 7. Depth averaged velocity and depth ﬁelds obtained by hydrodynamic simulations. The pictures at the top (a) and (b) refer to the upstream part of the
river stretch 1200 m long, while the pictures at the bottom (c) and (d) refer to the downstream remain part of the river stretch. (a) and (c) dam release ﬂow-
rate Q = 1 m3/s; (b) and (d) Q = 3 m3/s.
Fig. 8. WUA =WUA(Q) curves obtained by using the different habitat suitability curves (HSCs) proposed in literature for adult and juvenile Brown troute
respectively: (a) adult Brown troute; (b) juvenile Brown troute.
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trout are signiﬁcantly lower than those for adult species. The habitat conditions corresponding to these ﬂow-rate values for
juvenile species are unacceptable for the adult species. For this reason, the WUA =WUA(Q) curves for adult species are used
as input in the multi-objective programming model. In order to identify a single relationship to deﬁne the objective function
Table 3
Superior and inferior ﬂow-rates calculated by using the different HSCs.
Qsup (m3/s) Qinf-a (m3/s) Qinf-b (m3/s)
Brown trout adult
Vismara [54] 6.40 2.18 3.00
Smith [57] 8.18 2.23 2.80
Studley [58] 8.40 2.20 2.60
Cemagref [56] 8.30 2.50 2.50
Brown trout juvenile
Vismara [54] 4.70 0.78 1.20
Smith [57] 6.00 1.10 1.20
Studley [58] 7.63 0.4 0.8
Cemagref [56] 1.05 1.60 1.60
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procedure has been applied to identify the relationship WUA/WUAmax vs. Q. The values of Qinf-a, Qinf-b and Qsup, obtained by
this relationship by using Eqs. (10)–(12), are respectively equal to 2.27, 2.72 and 7.82 m3/s. By adopting a conservative cri-
teria, a value of ﬂow equal to 2.72 m3/s, could be reasonably assumed as a lower limit of the acceptable ﬂow-rate range for
the river stretch under consideration.4.2. Multi-objective analysis for the Pieve di Cadore reservoir
The multi-objective programming techniques, described in paragraph 2 – e-constraint method and NSGA II – are applied
to the case study to identify, in the space of objective functions, the optimal Pareto set associated to different trends of inﬂow
to the dam and then the preferred solution among those belonging to the optimal Pareto set. A deterministic approach,
assuming dam inﬂows as known, is used.
In the application, since the Pieve di Cadore reservoir regulates the Piave river ﬂows in the seasonal cycle, we consider an
annual planning horizon for the optimization model as appropriate for making rules for the reservoir operation. Further-
more, due to the large capacity of the reservoir, diurnal variation in power demand, has considerably less impact on water
level variations and on release ﬂow variations than in the case of reservoirs designed to meet daily to weekly hydroelectric
demand. For this reason, in the present application, diurnal variations of power demand are not taken into account. The ref-
erence period is assumed equal to one year and is divided in monthly time steps; thus, monthly mean dam release ﬂow-rates
in the river stretch and hydropower supply ﬂow-rates are assumed as decisional variables andmonthly dam storage volumes
are assumed as state variables.
Two series of runs are carried out for:
– A reference period of one year assuming three/types of forecast ﬂow regimes: dry, normal and wet;
– A reference period of four years considering the recorded inﬂows to the dam in the years 2001–2004.
The ﬁrst series of runs is aimed at comparing the performance of the e-constraint method vs. a genetic algorithm to solve
the resulting optimization problem; secondly, solutions deriving from a wet, dry or normal forecast for the incoming period
can be compared to determine if they differ signiﬁcantly in their attributes.
The aim of the second series of runs is to evaluate the improvement of river ecological conditions associated with dam
release ﬂows relative to the preferred solution (chosen among those belonging to the optimal Pareto set) as compared to
those associated with the dam release ﬂows imposed by PRCA by the prescriptive formula Eq. (27).
Three different year types of tributary inﬂows, namely dry, normal, and wet year type are taken into account in order to
examine different hydrological conditions. For each year type, the trends of mean monthly tributary inﬂows, are calculated
by using the Thomas–Fiering model (which is a ﬁrst order Markov model in which parameters change during the year). Re-
corded data of tributary inﬂows, in the 1996–2006 decade, are used to produce the synthetic data from which an estimate is
made possible. A series of one thousand years was synthetically generated. A parallel application could consider an n-month
optimization strategy using an ensemble stream-ﬂow forecast for the ensuing n-month period. Here, one can consider the
separate scenario runs for dry, normal and wet years to represent a potential ensemble forecast for the coming year. We de-
ﬁned dry, normal and wet year types as the year type in which the mean yearly inﬂow from tributary is exceeded by 90%,
50% and 10% of the frequency of occurrence, respectively. For the three different year types a comparison between optimal
Pareto set obtained by the e-constraint method and the NSGA II is carried out. The values of parameters that appear in the
equations (Eqs. (13) and (14)) and (Eqs. (15)–(17), (19), reported in Table 4, are used.
In the NSGA II algorithm, in order to assure both the convergence to the optimal Pareto set and a good spread of solutions,
a crowded comparison approach is used. This approach, as explained in detail in Deb et al. [44], does not require any user-
deﬁned parameter for maintaining diversity among population members. Commonly, the algorithm terminates when either
a maximum number of generations has been produced, or a satisfactory ﬁtness level has been reached for the population. By
Table 4
Multi-objective programming model parameters.
Qinf (m3/s) 2.72
Qsup (m3/s) 7.82
Pmin (m3/s) 0
Pmax (m3/s) 30
Vmin (m3) 3.2  106
Vmax (m3) 6.7  107
Dt (d) 30
Table 5
Values of parameters used in the NSGA II application.
Chromosome length 24
Number of generation 2000
Population size 20
Probability of crossover (default parameters of NSGA II) 0.9
Probability of mutation 1/n where n is the number of decision variables
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The list of parameters used in GA runs is reported in Table 5.
Fig. 9 shows the optimal Pareto set obtained by using the two different approaches for the dam incoming ﬂow-rates refer-
ring to dry year type.
Fig. 9 shows that the solutions obtained by applying the two methods are practically coincident. The same result, not
shown here for sake of brevity, has been obtained for wet and normal year types.
These results demonstrate that in this speciﬁc case study, the constraint method is as reliable as the NSGA II. It should be
just noted that, from the point of view of computational time, the constraint method results are faster than NSGA II in con-
verging to the optimal Pareto set. A very large number of NGSA iterations are required to satisfy the original equality con-
straints and to assess feasibility for the end-of-period volume constraint.
The equivalence of the two methods in converging at the same optimal Pareto set is not surprising since the multi-objec-
tive optimization problem, described by Eqs. (13)–(17), (19), is convex and the objective functions are also convex; under
these conditions the e-constraint method performs well and there is not a particular advantage in using genetic algorithms.
Once the optimal Pareto set has been identiﬁed, the decision-maker still has to choose the best compromise solution out
of that set. Hence, it is necessary that there be some kind of preference ordering of the solutions that will simplify the pro-
cess. The choice of such compromise or most preferred solution depends on the judgment and experience of the decision-
maker, since there is no right or wrong answer. In the speciﬁc case of hydropower reservoir management a lot of private and
public subjects are involved, therefore, the most preferred solution should be identiﬁed by a negotiation process among
stakeholders, once the Pareto-optimal differences and strategies are evidenced; mathematically formalized criteria, such
as an example that was proposed by Fernandez et al. [59] or Multi Criteria Decision Making (MCDM) methods as those de-
scribed in Coello et al. [60] could be also used to help negotiation. These methods fundamentally introduce the approach ofFig. 9. Comparison between the Optimal Pareto sets obtained by using NSGA II and e-constraint method.
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tempts to rank the Pareto solutions, in order to select the most preferred.
In this paper for the sake of simplicity, since the optimal Pareto set is a convex and continuous function, we performed the
criterion described as follows. Three signiﬁcant points in the optimal Pareto set curve in Fig. 10, indicated by capital letters A,
B, and C, can be identiﬁed. At point A the value objective function Of1 is equal to the maximum value, whereas the value of
objective function Of2 is equal to the minimum one. Point A represents the conﬁguration in which dam release ﬂows are
equal to the minimum ﬂow. Obviously in this conﬁguration, the hydropower supply is the maximum possible. In this case,
the maximum energy production depends only on the availability of dam inﬂows from the tributary. At point C of Fig. 10 the
value of objective function Of1 on the optimal Pareto set curve is equal to zero. Point C, therefore, represents the conﬁgu-
ration in which the dam release ﬂows are equal to the value of the ﬂow rate corresponding to the maximum value of
WUA. In this conﬁguration the quantity and quality of river habitat is the best for ﬁsh survival. An increase of the objective
function Of2 beyond point C does not produce any variation of Of1. A solution to be preferred among those belonging to the
optimal Pareto set can be identiﬁed in correspondence with the point in the optimal Pareto set where the variation of deriv-
atives of the curve is maximum. The maximum curvature criterion is, therefore, adopted to identify this point, which is indi-
cated in Fig. 10 by the letter B. From the ﬁgure, it can be noted that moving from point B toward point A a small increase of
hydropower supply ﬂow-rates determines a signiﬁcant decrease of the quality of the river habitat, while moving from point
B toward point C, a signiﬁcant reduction in the hydropower supply ﬂows produces a negligible improvement of the river
habitat quality. In this context the preferred solution represents the best compromise between the objective of maximizing
hydropower production and river habitat suitability for ﬁsh survival. An alternative criterion is to use a Lp norm approach
[61] based on the minimization of the distance between the Pareto points to the ideal solution, deﬁned shadow minimum
or utopia point; generally the utopia point is at the origin of the co-ordinate system. In the speciﬁc case here studied the two
approaches are practically equivalent, even if the latter can be very useful in the case in which the optimal Pareto set is dis-
continuous or presents singularity.Fig. 10. Criterion to identify the preferred solution among those belonging to the optimal Pareto set.
Fig. 11. Trend of the dam inﬂows, dam release ﬂows in the river stretch and hydropower supply ﬂows referred to the preferred solution identiﬁed as shown
in Fig. 10. The dam inﬂows refer to dry type year.
Fig. 12. Trend of the dam inﬂows, dam release ﬂows in the river stretch and hydropower supply ﬂows referred to the preferred solution identiﬁed as shown
in Fig. 10. The dam inﬂows refer to normal type year.
Fig. 13. Trend of the dam inﬂows, dam release ﬂows in the river stretch and hydropower supply ﬂows referred to the preferred solution identiﬁed as shown
in Fig. 10. The dam inﬂows refer to wet type year.
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ﬁgures refer to the solution of the optimal Pareto set curve associated with the maximum curvature criterion.
Comparison of the ﬁgures for the three year types shows how both the magnitude and the variation during the year of the
dam inﬂows determine different trends of hydropower supply ﬂows and dam release ﬂows in the river stretch. In Fig. 14, the
trends of the dam release ﬂows in the river stretch (related to the points B) are compared for the three year types.Fig. 14. Trend of dam release ﬂows in the downstream river stretch for dry, normal and wet type years respectively.
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magnitude of dam inﬂows: dam release ﬂows are greater for wet and normal year types than those for dry year types. It
should be emphasized that the trend of monthly dam release ﬂows presents evident variation from one month to another.
This variation seems to mimic the natural trend of dam inﬂows. Many authors (among whom Poff [5], Richter [8]) argue that
such a variation has a fundamental role in supporting ecological functions and ecosystem states in streams and rivers.
The results obtained for the three different year types (dry, wet and normal) show that, by using the proposed approach,
reservoir operating rules can be identiﬁed once a ﬁnite ﬂow sequence of dam incoming ﬂows corresponding to a speciﬁc
stream ﬂow condition is given. Such operating rules allow dam release ﬂows to be adapted to the variability of dam incoming
ﬂows with respect to ecological and energy goals. Actually, the ﬂow sequence of dam incoming ﬂows is not known in ad-
vance, but the proposed methodology can be still applied by considering an ensemble forecast over a period, obtained by
using hydrological stochastic models. In this context, the proposed approach can be a part of more general one. However,
also in the case in which a deterministic approach is used, as that followed in this paper, the results can provide important
management information to stakeholders who can evaluate costs and beneﬁts from different solutions belonging to the opti-
mal Pareto set and referred to probable hydrological regime ﬂows.
Fig. 15 shows the results of simulation carried out with a reference period equal to four years; the dam entering
ﬂow-rates are those recorded in the years 2001–2004. The ﬁgure refers to the solution of the optimal Pareto set curve that
corresponds to point B of Fig. 9. In Fig. 15, in addition to the trends of dam entering ﬂow-rates and dam released ﬂows, the
storage volume trend is also shown; storage volumes are normalized by the sub-period time step. The dam release ﬂows
corresponding to the preferred solution, are in each case higher than the minimum ﬂows imposed by the PRCA.
In Fig. 16 the trends of the WUA/WUAmax values corresponding to the ﬂow-rate trends of Fig. 15 are shown. From the
ﬁgure it is possible to observe that the values of the WUA/WUAmax are greater than 0.9, i.e. the global habitat suitability
for the river stretch is greater than a value equal to 90% of the maximum value of WUA for which the best habitat conditionFig. 15. Trend of the dam inﬂows, dam release ﬂows in the downstream river stretch and hydropower supply ﬂows for the preferred solution identiﬁed as
shown in Fig. 9. The dam inﬂows refer to the ﬂow-rates recorded in the years 2001–2004.
Fig. 16. Percentage of the ratio between the weighted usable area (WUA) for the dam release ﬂows of Fig. 14, and the maximum value WUAmax.
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imposed by the PRCA. In the periods from December 1st to February 28th and from June 1st to August 30th the value of
WUA/WUAmax (corresponding to a ﬂow rate equal to 1.64 m3/s) is equal to 0.68. That value is signiﬁcantly lower than those
obtained by using multi-objective analysis.
The preferred solution obtained by the Pareto set curve, therefore, corresponds to dam release ﬂows that improve the
downstream watercourse habitat with respect to the actual condition.5. Conclusions
In this paper a formulation and application of a multi-objective optimizationmodel to allocate hydropower and ecological
ﬂows which include output from 2D hydraulic simulation for habitat assessment have been proposed. We have shown that,
by using a 2D hydraulic model with boundary-ﬁtted curvilinear meshes, it is possible to reliably integrate the motion equa-
tions on a geometrically complex domain like the one representing the stretch of the river Piave, and as a consequence, to
calculate the local habitat suitability that is related to the velocity and depth ﬁelds of the river current.
In the case study, we have shown that, by using the proposed approach, it is possible not only to provide a global habitat
suitability evaluation for the entire river stretch studied, but also to obtain a detailed analysis of the habitat suitability in
localized river zones.
This could be particularly useful in cases where, due to the geometrical and morphological variability of the river, the sen-
sitivity to regime ﬂow changes is enhanced in certain areas of the stretch. This allows targeting key areas where spatial and
temporal improvements in the ﬂow regime are needed.
On the basis of the 2D habitat simulations, for an expected range of ﬂow-rate released from the reservoir, the WUA =
WUA(Q) relationship has been calculated, which in turn has been used to formulate the ecological objective in the
multi-objective optimization model. One of the advantages of this criterion is that river habitat quality can be quantiﬁed
by an ecologically based measure (the WUA), which allows, as shown in the study case, the assessment of the effects on
habitat quality of different streamﬂow regimes.
Two different multi-objective optimization methods have been carried out and applied to the case study: a e-constraint
method and a genetic algorithm (NSGA II). A demonstration of the comparative performance of the two methods to solve the
resulting optimization problem has been provided. Comparable results are obtained, suggesting the robustness of the e-con-
straint method over the choice of a solution algorithm. This observation allows the use of the traditional optimization ap-
proach, such as the e-constraint method, which is computationally faster and permits a direct sensitivity analysis of the
solution under constraint or parameter perturbation. On the other hand the NGSA II results can be informative as to the
broader solution space if an examination of the intermediate results is pursued.
An application of the methods to the Piave river with a focus on three types of ﬂow regimes, dry, normal and wet, was
pursued. The solutions identiﬁed by optimal Pareto sets, given a wet, dry or normal forecast for the coming period, differ
signiﬁcantly in their attributes, depending on the trend of dam incoming ﬂows. We think that the identiﬁed Pareto-optimal
differences could be used directly to facilitate negotiations among stakeholders.
A simple criterion to identify the preferred solution has been provided and has allowed to show that, on a global scale, the
habitat conditions of the river stretch, for the long historical recorded ﬂows, are in each case close to the optimal condition
which corresponds to the maximum WUA value. It should be emphasized how the ﬂow-rate regimes obtained by using the
multi-objective programming model produce a signiﬁcant improvement in habitat conditions of the river stretch with re-
spect to the currently imposed regime and to the ﬂow regimes based on a minimum ﬂow criterion. The proposed approach
demonstrates, therefore, the possibility to overcome the minimum ﬂow approach (which is till now currently recommended
from Italian Basin Authority), by using a procedure able to better preserve the habitat conditions of rivers downstream of the
reservoir, taking into account also energy production needs; it should be underlined how that procedure offers to the stake-
holders the possibility to compare different scenarios on which to ﬁnd a reasonable compromise, which is more difﬁcult to
ﬁnd when the relationship between the objectives (identiﬁed by optimal Pareto set) are not shown at all.
While this study utilized a deterministic approach using a ﬁnite ﬂow sequence corresponding to a speciﬁc stream ﬂow
condition, the formulation presented here can be extended to consider an ensemble forecast over a ﬁnite period. Based
on experience with participatory discussions, it may actually be easier to consider a speciﬁc probable ﬂow regime, as was
done here, and discuss the potential strategies that are Pareto optimal, conditional on this ﬂow regime. In the real world set-
ting, one needs continuous updating of such an allocation strategy, and where participatory decisions are made, the oppor-
tunities for such updating come with scheduling and transaction costs. Thus, a prescribed, agreed strategy is often more
practical. Such a strategy can indeed be developed conditionally on speciﬁed ﬂow regimes, as was the case for the study pre-
sented here.
Finally, we believe that the proposed approach can effectively be extended to other situations beyond the ones in this
study, provided that there is a detailed knowledge of hydraulic, morphological and biotic community characteristics of
the speciﬁc river environment, as well as of the relationship, for the selected target ﬁsh species, between hydraulic variables
and habitat suitability. The acquisition of such knowledge constitutes likely the most relevant difﬁculties in using this ap-
proach, but, in each case such detailed knowledge is necessary for a reliable identiﬁcation of the environmental instream
ﬂows.
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Appendix A
Partial derivatives with respect to Cartesian coordinates are related to partial derivatives with respect to curvilinear coor-
dinates by the chain rule.
We consider a transformation xi = xi(n1,n2) from the Cartesian coordinates xi to the curvilinear coordinates ni.
We deﬁne~aðiÞ ¼ @~x
@n
ði ¼ 1;2Þas the co-variant base vectors and~aðiÞ ¼ gradðniÞ ði ¼ 1;2Þ
as the contro-variant base vectors.
The metric tensor and its inverse aregij ¼~aðiÞ ~aðjÞ and gij ¼~aðiÞ ~aðjÞ:
The Jacobian of the transformation is given byﬃﬃﬃ
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